Altitude acclimatization is the physiological process of the human body adjusting to 21 the decreased availability of oxygen. Since several physiological processes are 22 involved and the relation among them is complicated, analyses of single-traits is 23 insufficient in revealing the complex mechanism of altitude acclimatization. In this 24 study, we examined whether these physiological responses could be studied as 25 composite phenotypes which are represented by a linear combination of physiological 26 traits. We developed a strategy which combines both spectral clustering and PLSPM 27 to define composite phenotypes. We captured 14 composite phenotypes from 28 28 physiological traits of altitude acclimatization. Using these composite phenotypes, we 29 applied k-means to reveal hidden physiological heterogeneity in altitude 30 acclimatization. Furthermore, we employed linear regression to systematically model 31 oxygen saturation (SpO 2 ) changes in altitude acclimatization and evaluated the model 32 fitness performance. And composite phenotypes based Model 2 has better fitness than 33 single-traits based Model 1 in all measurement indices. Therefore, this new strategy of 34 defining and applying composite phenotypes can be considered as a general strategy 35 of complex traits. 36 37
INTRODUCTION
altitude acclimatization respectively. The subjects with cancer, diabetes and coronary heart disease were not included in this study. Overall 883 healthy Chinese Han young 158 males aged from 17 to 36 years old were recruited. The research was approved by the 159 Human Ethics Committee of Fudan University and written informed consent was 160 obtained from each participant and their guardians over 18 years old.
161
Physiological measurements 162 All the subjects (883 samples, 28 traits) were measured by physicians in General 190 In this study, we collected the 28 physiological traits from 883 Chinese Han 191 young males at baseline (before going to highland) and chronic (living at highland for 192 about 1 month) phases of high altitude acclimatization ( Table 1) . The studied subjects 193 were first assembled at a location with an altitude of 50 m (in China) for 10-14 days, 194 and then they arrived at highland of above 4,300 m (in China) by train. The subjects 195 with cancer, diabetes and coronary heart disease were not included in this study.
188

RESULTS
189
Exploring relationship of phenotypes in high altitude acclimatization
196
Overall 883 healthy Chinese Han young males aged from 17 to 36 years old were 197 recruited. All the 28 physiological traits show significant (Bonferroni correction) 198 changes from baseline to chronic phase at 4,300m highland. These results indicate 199 that a series of physiological phenotypes are involved in high altitude acclimatization 200 process 1,2,9 . Since we are mainly concerned on the changes of these phenotypes, the 201 longitudinal data were transformed into change data 28 using Measure chronic-baseline = By analyzing the correlation between pairwise phenotypes, we found the 204 phenotypes are structured (Fig. 2) . For example, RBC, HGB and HCT have strong 205 correlation with each other; and RBC almost has no correlation with LLS and SPO 2 . 206 To further explore the relationship of phenotypes, spectral clustering algorithm 23, 24 207 was applied to group these 28 physiological phenotypes. To determine the number of 208 clusters, the one with maximum eigenvalue gap ( Supplementary Fig. 1 ) was 209 chosen 29 . The correlation heatmap (Fig. 2) showed the spectral clustering results of 28 210 physiological phenotypes, and they were clustered into 14 groups (i.e. composite 211 phenotype structure, Fig. 2 ). 213 Based on the revealed aforementioned structure, PLSPM 20-22 was applied to To explore physiological heterogeneity in high altitude acclimatization, we
212
Defining composite phenotypes of high altitude acclimatization
In this study, we developed a data-driven strategy ( Fig. 1) data, such as linear mixed models 60 and data transformation 28 . Since we are mainly 285 concerned on the changes of these phenotypes, transforming the longitudinal data into 286 change data is also a promising alternative 2,9,28,61 . Thus the transformed data was used 287 in this study.
288
Since individual single-traits are insufficient to reflect the complex mechanism of 289 high altitude acclimatization 1,4,9 , analysis of composite phenotypes could become a 290 promising alternative 13-15 . Among several methods, PLS-based composite phenotypes 291 have relatively interpretable biological meanings 9 . In particular, PLSPM can also be 292 viewed as a method for analyzing multiple relationships between blocks of 293 variables 20 . 294 Generally, there are two ways to define composite phenotypes in PLSPM 295 framework 9,22 : one is using the prior specific domain knowledge and the other is using 296 some data-driven methods like clustering. In our study, we employed the generalized 297 standard spectral clustering 23,24 to find the composite phenotype structure (Fig. 2) for 
